A hypothetical hydrogenation catalyst consisting of porous, catalytically active particles embedded with metal hydride powder was evaluated. The metal hydride provides temporarily additional hydrogen if the mass transfer rate of the hydrogen to the internal of the particle is not sufficient. A numerical mode1 was developed to describe the hydrogenation of components in the liquid phase of a batch reactor. With this model two different reaction schemes were simulated. The first showed that the average hydrogen concentration increases with a metal hydride inside the catalyst particles. A reduction of byproduct formation and an increase in selectivity could be realized. The next system was the hydrogenation of succinonitril. Undesired products are oligomers and cyclic compounds, which are formed in the centm of the particle in the absence of hydrogen. The formation of these products is suppressed when a metal hydride is present. Another advantage is that the process can now be operated under more favorable conditions (lower pressure and higher initial succinonitril concentration) without significantly affecting the selectivities and byproduct formation.
INTRODUCTION

Reilly er al. (1977).
Generally, metal hydrides are massive particles and have a small surface area as compared to porous industrial catalysts like Raney nickel or palladium on a carrier. When a fast reaction is carried out in a porous catalyst, tfre concentration of hydrogen can be very low in the centre of the particle and in some processes undesired side reactions become mom important at a low hydrogen concentration. Combining the storage capacity of metal hydrides with the high activity of porous catalysts seems therefore very advantageous. In the present study a metal hydride is employed as hydrogen carrier inside porous catalyst particles. The particle itself contains active sites for the hydrogenation reaction, the provision of extra hydrogen by the hydride takes place if the mass transfer rate of hydrogen is not sufficient. In this study no altention was paid to the actual preparation of the catalyst. It was 
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assumed that catalyst particles with a diameter of 3 mm can be prepared, containing 10 volume percent homogeneously distributed metal hydride powder. A batch reactor has been simulated with such type of catalyst particles and the influence of the metal hydride has been evaluated.
MODEL DE!KRIPTlON
The model description for a batch reactor include the following phenomena: -mass transfer from the gas to the liquid phase (only hydrogen) and from the liquid to the catalyst particles; -diffusion inside the particles according to Ficlc's law. If it is assumed that: -the gas phase mass transfer resistance of hydrogen can be neglecred; -the slurry (both liquid and solids) is ideally mixed and the reactor is isothermal; -Henry's law can be applied to calculate the hydrogen concentration at the gas/liquid interface; -all catalyst particles arc identical and perfectly spherical; -the catalytic activity of the metal hydrides can be negIected when compared with the porous catalyst, the mass balances (macro) for component i and hydrogen in the liquid bulk with concentration Ci and CHg. respectively, can be written as:
The concentration on the outer surface of the particles Ci(H) can be found by solving these equations simultaneously with mass balances (micro) for the particles, e.g.. for a spherical particle:
The macro and micro balances for each component are coupled with the condition that the molar flux to the boundary of the particle should be identical to the flux into the particle:
Besides the hydrogen consumption terms, the reaCtiOn radte RHO also contains an additional term which accounts for the amount of hydrogen that is absorbed or desorbed by the hydride. Desorption takes place until the hydride is empty and therefore an instationary balance is required for the amount of hydrogen inside the metal hydride particles:
Instead of the hydrogen concentration in the hydride (CHg,t+& the hydride capacity F is used. Substitution in eqn.
5 gives:
The rate COnSant khydr is a function of F. When the hydride is fully loaded, khy& is zero as long as the hydrogen concentration is ahove the equilibrium concentration (no more absorption can take place). The lrhy& also becomes zem when capacity is zero. Mathematically this can be expressed as: The reaction scheme which was first studied consists of two parallel reactions: A + H2 + P and A + l/2 X. The fast reaction is fast or&r both in reactant A and hydrogen, whereas the second reaction is first order in A and zeroth order in hydrogen. The physical constants, kinetic parameters and process variables are listed in Table 2 . Although typical for hydrogenation reactions, these constanta do not iefer to a reaI system, they are chosen to illus~ the effect of a metal hydride on the formation of the two products P and X. Wgtne 1 gives concentration profiles for all components in the particle at t = 6 minutes, la without and lb with LaNis (Pett 5: 27.5 bar at 373 K). resulting in an increased hydrogen concentration. With the conventional catalyst (without LaNiS). a considerable amount of X is produced in the centre of the particle as long as the hydrogen concentration approaches a vaiue zero. This is demonstrated by plotting the concentration of X versus time at three different locations in the catalyst particle, again without and with LaNiS ( Fig. 2a and 2b ). Since the selectivities are directly influenced by the hydrogen concentration, it is to be expected that a higher equilibrium pressure of the metal hydride and consequently a higher average hydrogen concentration will give a higher selectivity towards product P. Figure 3 shows the influence of the equilibrium pressure on the selectivity towards both products. Indeed a selectivity increase from 92.1 to 98.6 96 for P can be achieved if IaNiS is used in the catalyst particle. Fig. 3 . Overall selectivities towards P and X at several equilibrium pressures.
ap
From these simulations can be concluded that in this system the metal hydride desorbs hydrogen during most of the
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Theoretical study on hydrogenation catalysts 3813 conversion of A, resulting in a higher average hydrogen concentration. This has an influence on the selectivity towards P (increased). Although the effect is dependent on the choice of the kinetic constants and reactor and process variables, the principle will remain the same for comparable systems.
J-Iydwnation of Succinonitril
The 
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Using these kinetic expressions implies that the surface coverage is in equilibrium with the concentration just above the surface inside the pores. The physical and kinetic constants and the process variables which have been used for the simulations are listed in Table 3 . It is clear that the effect of a hydride in this reaction system is quite different from the previous system: a low equilibrium pressure already has a huge influence on the maximum concentration of the byproducts, whereas the overall selectivities ate almost unchanged. Moreover. increasing the equilibrium pressure above about 10 bar no longer m the byproduct formation significantly.
These phenomena can be explained if the kinetics of this reaction scheme are examined. The ratio of the reaction rates from B to R and P is only dependent on 0~2 and is depicted in Fig_ 7 for hue different vah~es of CA and CB_ Fig. 7 . RB_,@B+P at lwo locations in the particle.
In the centre of the particle both concentrations are almost zero. at r/R = 0.5 they are about 10 and 5 mol/m3 respectively. Only at very low hydrogen concentrations 8~2 bccomea small. reauking in a sharp incrcasc of RB_,R/RB+P. At an equilibrium pressure of 1 bar the equilibrium concentration is 6.5 moVm3. the rate ratio is then already almost minimal (= k3*/kz' at et-42 = 1). Increasing the equilibrium pressure above IO bar (CHAT B 65 mol/m3) has no longer effect on RB+R/RB+P-This explains why using a metal hydride with a higher Pq hardly has any effect on the maximum concentration of R and D.
The metal hydrides are active as additional hydrogen supply as long aa CH~ < CHZ,~ During that period the average hydrogen concentration is higher when a hydride is present in the catalyst particles. As the reaction proceeds. the transport rate of hydrogen into the particle is fast enough to meet with the deniand for hydrogen and the hydrogen concentration increases again. However, the metal hydride starts to absorb hydrogen when CHZ B CHZand the hydrogen concentration is still kept on Q-Q,-until the hydride is fully loaded. Obviously, the desorption followed by the absorption of the hydride averages completely in this case. There is overall almost no effect on the average hydrogen concentmtion nor on the overall selectivities.
The hyhgen pressure and initial succinonitril concentration which have been used for the simulations up until now can bc found in industry. They are an optimum between operating costs, selectivity and reaction time. Increasing the initial succinonitril concentration or decreasing the hydrogen prtssure would economically be attractive, but both cause a lower selectivity towards the desired product. Figure 8a gives the maximum concentrations of R and D at different hydrogen pressures both with and without LaNis. whereas Fig. 8b depicts 
